Snakes possess many extreme morphological and physiological adaptations. Identification of the molecular basis of these traits can provide novel understanding for vertebrate biology and medicine. Here, we study snake biology using the genome sequence of the Burmese python (Python molurus bivittatus), a model of extreme physiological and metabolic adaptation. We compare the python and king cobra genomes along with genomic samples from other snakes and perform transcriptome analysis to gain insights into the extreme phenotypes of the python. We discovered rapid and massive transcriptional responses in multiple organ systems that occur on feeding and coordinate major changes in organ size and function. Intriguingly, the homologs of these genes in humans are associated with metabolism, development, and pathology. We also found that many snake metabolic genes have undergone positive selection, which together with the rapid evolution of mitochondrial proteins, provides evidence for extensive adaptive redesign of snake metabolic pathways. Additional evidence for molecular adaptation and gene family expansions and contractions is associated with major physiological and phenotypic adaptations in snakes; genes involved are related to cell cycle, development, lungs, eyes, heart, intestine, and skeletal structure, including GRB2-associated binding protein 1, SSH, WNT16, and bone morphogenetic protein 7. Finally, changes in repetitive DNA content, guanine-cytosine isochore structure, and nucleotide substitution rates indicate major shifts in the structure and evolution of snake genomes compared with other amniotes. Phenotypic and physiological novelty in snakes seems to be driven by system-wide coordination of protein adaptation, gene expression, and changes in the structure of the genome.
Snakes possess many extreme morphological and physiological adaptations. Identification of the molecular basis of these traits can provide novel understanding for vertebrate biology and medicine. Here, we study snake biology using the genome sequence of the Burmese python (Python molurus bivittatus), a model of extreme physiological and metabolic adaptation. We compare the python and king cobra genomes along with genomic samples from other snakes and perform transcriptome analysis to gain insights into the extreme phenotypes of the python. We discovered rapid and massive transcriptional responses in multiple organ systems that occur on feeding and coordinate major changes in organ size and function. Intriguingly, the homologs of these genes in humans are associated with metabolism, development, and pathology. We also found that many snake metabolic genes have undergone positive selection, which together with the rapid evolution of mitochondrial proteins, provides evidence for extensive adaptive redesign of snake metabolic pathways. Additional evidence for molecular adaptation and gene family expansions and contractions is associated with major physiological and phenotypic adaptations in snakes; genes involved are related to cell cycle, development, lungs, eyes, heart, intestine, and skeletal structure, including GRB2-associated binding protein 1, SSH, WNT16, and bone morphogenetic protein 7. Finally, changes in repetitive DNA content, guanine-cytosine isochore structure, and nucleotide substitution rates indicate major shifts in the structure and evolution of snake genomes compared with other amniotes. Phenotypic and physiological novelty in snakes seems to be driven by system-wide coordination of protein adaptation, gene expression, and changes in the structure of the genome.
comparative genomics | transposable elements | systems biology | transcriptomics | physiological remodeling B iological research increasingly incorporates nontraditional model organisms, particularly model organisms with extreme phenotypes that can provide novel insight into vertebrate and human biology. Snakes are one such model, and they exhibit many extreme phenotypes that can be viewed as innovative evolutionary experiments capable of illuminating key aspects of vertebrate gene function and systems biology (1-5). The evolutionary origin of snakes involved extensive morphological and physiological adaptations, including limb loss, functional loss of one lung, and elongation of the trunk, skeleton, and organs (6) . They evolved suites of radical adaptations to consume extremely large prey relative to their body size, including the evolution a kinetic skull and diverse venom proteins (7) (8) (9) . They also evolved the ability to extensively remodel their organs and physiology on feeding
Significance
The molecular basis of morphological and physiological adaptations in snakes is largely unknown. Here, we study these phenotypes using the genome of the Burmese python (Python molurus bivittatus), a model for extreme phenotypic plasticity and metabolic adaptation. We discovered massive rapid changes in gene expression that coordinate major changes in organ size and function after feeding. Many significantly responsive genes are associated with metabolism, development, and mammalian diseases. A striking number of genes experienced positive selection in ancestral snakes. Such genes were related to metabolism, development, lungs, eyes, heart, kidney, and skeletal structureall highly modified features in snakes. Snake phenotypic novelty seems to be driven by the system-wide coordination of protein adaptation, gene expression, and changes in genome structure. (10, 11) , while enduring fluctuations in metabolic rates that are among the most extreme of any vertebrate (11) . At the molecular level, previous research has shown that they have undergone an unprecedented degree of evolutionary redesign and accelerated adaptive evolution across multiple mitochondrial proteins (1, 12) . We hypothesized that the extreme changes in the mitochondrial proteins were likely to extend to metabolic genes in the nuclear genome. We also hypothesized that other genes and gene networks associated with extreme physiological and phenotypic adaptations in snakes may also have undergone significant evolutionary changes.
To gain insight into the genomic basis of these phenotypes, we sequenced and annotated the genome of a female Burmese python (Python molurus bivittatus). The python is the most extreme vertebrate model for studying physiological remodeling, rapid organ growth, and metabolic fluctuations after feeding (10, 11) . Within 2-3 d after feeding, Burmese pythons can experience 35-100% increases in the mass of major organs, including the heart, liver, small intestine, and kidneys ( Fig. 1A) (10, 13) . On completion of digestion, each of these phenotypes is reversed; physiological functions are down-regulated, and tissues atrophy in a matter of days ( Fig. 1A) (14) .
To complement the genome sequencing results, we also studied transcriptional responses to feeding in four python organs (heart, kidney, liver, and small intestine) for multiple time points. We also evaluated evidence for positive selection in protein coding genes on the lineages leading to the python, cobra, or their common ancestor. In addition, we analyzed changes in functionally important multigene families, such as vemoronasal and olfactory receptors, and opsin genes. Finally, we studied changes in aspects of snake genome structure [repeat content, microsatellite structure, and guanine-cytosine (GC) content] and rates of molecular evolution.
Results and Discussion
The python genome was sequenced using a hybrid approach (combining Illumina and 454 reads), and it is available at National Center for Biotechnology Information: Bioproject PRJNA61234 (GenBank accession no. AEQU00000000). The scaffolded python genome assembly Pmo2.0 is 1.44 Gbp (including gaps), which happened to be the same as the genome size estimated for the related species P. reticulatus (1.44 Gbp) (15) . This assembly (Pmo2.0) has an N50 contig size of 10.7 kb and a scaffold size of 207.5 kb (SI Appendix, Tables S1 and S2). Transcriptomic data were used to annotate this genome to provide robust gene models (SI Appendix, Tables S3-S8). For comparative genomic analysis, we analyzed the python genome in conjunction with the genome of the king cobra, Ophiophagus hannah (8). The repetitive contents of the python and king cobra genomes estimated using the de novo P clouds method (16, 17) were similar (python = 59.4%, cobra = 60.4%). Annotation of readily identifiable repeats using a standard consensus repeat element reference library-based approach (18) also found similar repetitive content in the python (31.8%) and cobra (35.2%) genomes (SI Appendix, Table S6 ). These percentages are only slightly lower than the percentages for humans (∼67% for P clouds and 45% for library-based methods) (16) , although the snake genomes are around one-half as large.
We studied transcriptional responses to feeding in four organs (heart, kidney, liver, and small intestine) for multiple time points before [0 d postfed (DPF)] and after (1 and 4 DPF) feeding ( Fig.  1 A-D) . These responses involve thousands of genes and large changes in gene expression that are tightly coordinated with the extreme and rapid changes in organ size and performance after feeding ( Fig. 1 and SI Appendix, Figs. S1-S17 and Tables S9 and S10). The genes with significant expression responses are functionally diverse and involved in metabolism, chromatin remodeling, growth and development, and human pathologies (Dataset S1). Given the postfeeding increases in oxidative metabolism (Fig. 1D) , plasma lipid levels (Fig. 1E) , and organ size (Fig. 1A ) (10, 11, 14) in the python, we expected genes associated with metabolism, lipids, mitochondria, and DNA replication to be highly regulated between 0 and 1 DPF. As predicted, many differentially expressed genes are associated with these functional groups [based on gene ontology (GO) (19) term analyses], with the one exception being the lack of genes in the heart associated with DNA replication (Fig. 1F ). This lack is consistent with previous findings that the python heart experiences hypertrophy (cell growth) rather than hyperplasia (cell division) during postfeeding growth (20, 21) . To elucidate core shared aspects of this response, we identified 20 genes that are significantly differentially expressed in all four organs between 0 and 1 DPF (Fig. 2A) . Functions of these genes include chromatin remodeling, mitochondrial function, development, translation, and glycosylation, and there are organ-specific patterns in the direction and magnitude of expression changes, with the heart tending to be the most unique ( Fig. 2B and Dataset S1).
Based on previous work showing extraordinary selection in snake mitochondrial genomes (1, 22, 23) , we hypothesized that many nuclear-encoded metabolic genes might show evidence of positive selection (particularly on the ancestral snake branch), and we were curious if positive selection might partially explain other unique physiological and phenotypic features of snakes. To detect selection on protein coding genes, we assembled orthologous gene alignments for 7,442 genes from the python and cobra along with all other tetrapod species in Ensembl (24) . We used branch site codon models to detect genes that experienced positive selection on the lineages leading to the python, cobra, or their common ancestor (Fig. 3) . We inferred positive selection in 516 genes on the ancestral snake lineage, 174 genes on the cobra, and 82 genes on the python at a P value < 0.001 (Dataset S2). To link these gene sets to phenotypes, we identified mouse KO phenotypes (25) and GO (19) terms that were statistically enriched on different snake lineages (Dataset S3 and SI Appendix, Supplementary Methods). A number of functionally enriched categories of positively selected genes in snakes is readily interpretable in light of the unique aspects of snake physiology and morphology (Fig. 3, Dataset S3 , and SI Appendix, Fig. S17) . Genes under positive selection include genes that are functionally related to development, the cardiovascular system, signaling pathways, cell cycle control, and lipid and protein metabolism (Fig. 3) . We also find a high level of correspondence between enriched categories of differentially expressed genes involved in organ remodeling (Figs. 1 and 2 ) and genes that have experienced positive selection in snakes, including genes involved in the cell cycle, development, the heart and circulatory system, and metabolism (Fig. 3B) .
The ancestral snake lineage shows significant enrichment of positively selected genes in GO and mouse knock out (KO) phenotype categories related to metabolism, eye structure, spine and skull shape, and embryonic patterning mechanisms contributing to somite formation and left-right asymmetry ( Fig. 3 and Dataset S3). The high number of positively selected nuclear genes associated with metabolism on this lineage corresponds well with previous studies indicating substantial mitochondrial protein selection also occurring early in snake evolution (1, 12) . Other enriched categories correspond well with the major phenotypic shifts, including limb loss, trunk elongation and skeletal changes, associated with the shift to a fossorial lifestyle. On the cobra lineage, we found enrichment of categories related to heart, lung, and neuronal development ( Fig. 3 and Dataset S3). This lineage includes the ancestor of colubroid snakes, many of which (like the cobra) are highly active foragers, and categories of positively selected genes may be related to this shift in natural history. The python lineage showed enrichment in categories regulating heart and blood vessel development, hematopoiesis, and cell cycle regulation, which correspond well with the python's extreme postfeeding response, and potentially, the use of constriction to subdue prey in members of this lineage. These enriched categories in the python include the angiogenic PDGF pathway, signaling through the cytoskeletal regulator ρ-GTPase, the TGF-β/bone morphogenetic protein signaling pathway, and categories associated with bone strength and growth (Dataset S3). Many of the positively selected genes also have prominent medical significance. For example, angiotensin 1 converting enzyme and endothelin 1 are important therapeutic targets for cardiovascular disease (26, 27) . Similarly, GRB2-associated binding protein 1, which integrates receptor tyrosine kinase signaling, is known to contribute to breast cancer, melanomas, and childhood leukemia (28) .
The extreme phenotypes that characterize snakes can also be linked to changes in multigene families. A prominent feature of . Genes are grouped with phenotypic characteristics based on GO and mouse KO phenotype (MKO) terms associated with these genes (Datasets S2 and S3), although no claim is made that genes listed directly explain the snake phenotypes that they are associated with per se or that specific genes shown were selected based on their relative prominence in other literature. (C) Functional clusters of GO and MKO terms that are statistically enriched (P < 0.05) for positively selected genes (P < 0.001). Numbers on the y axis represent the combined numbers of genes in clustered enriched categories.
snakes is a long forked tongue used to enhance chemoreception. Genes encoding vomeronasal receptors, olfactory receptors, and ephrin-like receptors all show major expansions in the ancestral snake lineage as well as the cobra and python, indicating that expansions in these gene families may also contribute to enhanced chemoreception in snakes (SI Appendix, Figs. S18-S20). It is hypothesized that ancestral snakes were fossorial (6), which reduced selection for light perception. Supporting this fossorial snake ancestor hypothesis, we found that 10 visual and nonvisual opsin genes were lost in snakes but are otherwise present in squamates, including RH2, SWS2, PIN, PPIN, PARIE, MEL1, NEUR2, NEUR3, TMT2, and TMTa (SI Appendix, Fig. S21 and Table S11 ). The absence of these genes was verified using tBlastx searches for these opsins in the cobra and python annotated gene sets as well as genome assemblies and cDNA assemblies.
As with the mitochondrial genome (1, 22, 23) , snake nuclear genomes have evolved substantial changes in structure and patterns of molecular evolution relative to other vertebrate genomes. To compare repeat element content among partially sequenced and fully assembled snake genomes, we used a single multispecies combined repeat element library for analysis of repeat content (SI Appendix, Supplementary Methods). Despite low variance in snake genome size (SI Appendix, Fig. S21 ), repeat library-based annotations of genome samples from 10 additional snake species show surprisingly high variance in genomic repeat content but a relatively constant diversity of repeat types (Fig. 4 and SI Appendix, Tables S5-S8) (29) . Exceptions are the peculiar families of snake1 (L3) CR1 LINEs that tend to contain microsatellite repeats at their 3′ end (30), which we find to have expanded almost exclusively in colubroid snakes, such as the King Cobra, the Western Diamondback Rattlesnake and Copperhead, and the Garter snake (Fig. 4B ). An unexpected result from the analysis of the Anolis lizard genome was that it lacked the GC isochore structure present in mammalian and avian genomes (31, 32) . The GC isochore structures of snakes, however, are intermediate between the lack of isochores in Anolis and the clear isochore structure in turtles, birds, and mammals (Fig. 4) . These differences in isochore structure raise the intriguing possibility that snakes reevolved GC isochore structure or that the Anolis (or an ancestral squamate) lineage lost GC isochore structure. Trends in GC content at third codon position across amniotes indicate a shift to higher AT content in snakes and based on equilibrium GC content at third codon position calculations, a continued erosion of GC content in king cobra and an increase of GC content in python (SI Appendix, Fig. S24 ). We also used whole-genome pairwise alignments among Anolis, python, and king cobra to examine how GC content varies among squamates, and we found that both snake species had similar GC profiles to each other but lower GC content than lizard when comparing across aligned genomic sites (SI Appendix, Fig.  S25 ). This inference of dynamic GC content evolution is consistent with a shift in isochore structure in reptile genomes.
Rates of molecular evolution also differ substantially across reptile lineages (33) . Although turtle genes evolve slowly compared with other sequenced amniotes (34), we find snake genes have evolved rapidly compared to other amniotes (Fig. 3A) . Based on a subset of 10,000 aligned codons sampled from orthologous gene alignments, snake lineages experienced relatively high rates of evolution compared with the turtle and other amniote lineages (SI Appendix, Fig. S26 ). Analysis of the full set of 62,817 fourfold degenerate third codon positions from the orthologous gene set indicates that snake neutral substitution rates are also accelerated relative to other reptilian lineages (SI Appendix, Fig. S27 ). Additional analyses of 44 nuclear genes for >150 squamate reptile species (from a previous phylogenetic study) (35) indicate accelerated neutral evolution in the ancestral lineages of squamate reptiles, snakes, and colubroid snakes (SI Appendix, Fig. S28 ).
The comparative systems genomics approach that we have taken to study snake genomes has provided hundreds of candidate genes to study the process by which genes and gene networks coevolve to produce phenotypic diversity in vertebrates. The degree to which the physiological, morphological, and metabolic changes in the snakes coincide with molecular changes is remarkable. It has been hypothesized that major morphological changes are primarily driven by changes in gene expression (36) . Snakes provide an alternative vertebrate model system, in which the extensive system-wide evolutionary coordination of protein adaptation, gene expression, and changes in the structure and organization of the genome itself seem to have driven phenotypic novelty. Although there are examples of such types of changes in other vertebrates (37), we expect that the genomic changes seen in snakes and documented here are exceptional in their number and magnitude. There have been sufficient vertebrate (A) Amounts and types of readily identified repeat elements in snake complete and sampled genomes. Estimates in Top and Middle show abundance of genomic repeat elements across 10 snake species based on sampled genome sequences, except for the python and cobra, which are based on complete genomes. Bottom shows genomic density of snake1 CR1 LINE elements for subfamilies that tend to contain microsatellite repeats at their 3′ tails in snake genomes and genome samples. (B) Evidence for shifts in genomic GC isochore structure in squamate reptiles. The y axis is the standard variation of GC content when examining the genome at nonoverlapping window sizes (from 5-to 320-kb windows log-transformed on the x axis). Larger values indicate greater among-window GC content heterogeneity. For example, at all spatial scales, mammals have the greatest GC heterogeneity, and squamate reptiles have the least GC heterogeneity. The right side of the graph (GC SD at a window size of 320 kb) shows GC heterogeneity at a spatial scale on the order of isochore structure; the low GC heterogeneity of squamate reptiles indicates a reduced representation of GC-rich isochores compared with the other taxa. LTR, long terminal repeat; PLE, Penelope-like element; SINE, short interspersed nuclear element.
mitochondrial genomes sampled to make a convincing case that the adaptive changes observed in snake mitochondrial genomes are truly exceptional (1, 22, 23) , and among the 60+ currently published vertebrate nuclear genomes, the degree of change observed in snakes is exceptional as well. The python genome, together with the genome of the king cobra (8), will accelerate understanding of the genomic features that underlie the phenotypic uniqueness of snakes.
Materials and Methods
Burmese Python Genome Sequencing. All animal procedures were conducted with registered Institutional Animal Care and Use Committee (University of Texas, Arlington, TX) protocols. Python genome sequencing libraries were constructed from a single P. molurus bivittatus female obtained commercially. We created and sequenced multiple whole-genome shotgun libraries on an Illumina Genome Analyzer IIx, an Illumina HiSeq 2000, and a 454 FLX sequencer. In total, we generated 73.8 Gbp (∼49× genome coverage) for python genome assembly and scaffolding, which included data generated for a previous draft assembly (38) . The genome was assembled using SOAPdenovo (39) and Newbler (Roche), and alternate assemblies were merged (40) . Details are provided in SI Appendix, Supplementary Methods.
Annotation and Gene Prediction. The genome assembly was annotated using the MAKER annotation pipeline (41) . All available RNAseq data from multiple organs and fasted/fed time points were used in developing gene model predictions, and repeat element libraries from both complete snake genomes and the snake genome sampling were used to annotate repeat elements in the python (SI Appendix, Supplementary Methods and SI Appendix, Tables S5-S10). The annotated genome assembly is available under the National Center for Biotechnology Information Bioproject PRJNA61234 (GenBank accession no. AEQU00000000).
Comparative and Evolutionary Analyses. Ortholog sets were assembled by addition of our python and cobra gene coding DNA sequences (CDSs) sets to the Ensembl Compara v70 1:1 vertebrate ortholog set (24, 42) . Analyses included filtering likely gene duplicates in snakes, quality control steps, and alignment. Alignments were analyzed using a maximum likelihood branch site test for sites that were uniquely positively selected on the python, cobra, or ancestral snake lineages (SI Appendix, Supplementary Methods).
